Stimulated emission from silicon-nanocrystal planar waveguides grown via phase separation and thermal crystallization of SiO/ SiO 2 superlattices is presented. Under high power pulsed excitation, positive optical gain can be observed once a good optical confinement in the waveguide is achieved and the silicon nanocrystals have proper size. A critical tradeoff between Auger nonradiative recombination processes and stimulated emission is observed. The measured large gain values are explained by the small size dispersion in these silicon nanocrystals.
I. INTRODUCTION
The evolution of microelectronic circuits is currently limited by several factors. One of these is the interconnect bottleneck due to the inability to transfer data at increasing speed in microelectronic circuits. One possible solution for this problem is the substitution of metallic wires with optical channels. 1, 2 Today, this is possible only within a hybrid approach where compound semiconductor based emitters are integrated within the silicon microelectronic chip. It would be very interesting to replace compound semiconductors with silicon based light emitters or, possibly, lasers. 2 Given the recent demonstration of stimulated emission in silicon nanocrystals ͑Si-nc͒, [3] [4] [5] [6] [7] Si-nc represent a possible approach to have a silicon laser operating at around 750 nm 2 . The experimental work in this field has developed very rapidly. [3] [4] [5] [6] [7] [8] [9] [10] Some aspects related to this unexpected stimulated emission have been criticized. 11, 12 A scientific debate is also focusing on the understanding of its physics. 2 The lowering of the dimensionality of crystalline silicon in Si-nc, together with their interaction with the embedding matrix (usually SiO 2 ), has been invoked to explain the high emission efficiency and the observation of net optical gain. The optical gain has been tentatively attributed to localized radiative states formed by oxygen-silicon bonds at the Si-nc surface within a four level recombination model. 4, 13, 14 We present an experimental effort to look for optical gain in a particular class of silicon nanocrystals produced by a method which guarantees a small size dispersion. The technique is based on the crystallization of amorphous SiO/ SiO 2 superlattices and results in high luminescent Si-nc with an atypically low size dispersion. 15 
II. SAMPLES
A set of six superlattice samples grown using the recently developed technique of evaporation followed by phase separation and crystallization of silicon nanocrystals, driven by high temperature annealing, has been prepared. Table I reports their main growth parameters. All have an active superlattice layer where the Si-nc are formed. The superlattice is formed by repeated depositions of nanometer thick amorphous silicon mono-oxide or silicon dioxide layers. They were formed by deposition either on a quartz substrate (A-D) or on a silicon wafer (E and F), in a conventional evaporation system with two symmetrically arranged evaporators. Rotation of the substrate enables a high homogeneity (better than 10%) over the whole 4 in wafer. Before evaporation, the chamber was pumped down 1 ϫ 10 −7 mbar. The substrate temperature during deposition was 100°C. More details on the growth method and apparatus are reported in Ref. 15 . The thicknesses of the various layers in the sample and other nominal growth parameters are shown in Table I (upper rows). In samples A-D, the active superlattice layer is deposited on a thick SiO 2 layer, while in samples E and F the active layer is embedded between two thick layers of deposited SiO 2 . After deposition, the samples were annealed at 1100°C for 1 h in N 2 atmosphere to induce phase separation and Si crystallization in the superlattice layers. 16 The peculiarity of this method is the high control on the size of the Si-nc, which show a small size dispersion.
An example of a transmission electron microscopy (TEM) image for sample F is shown in Fig. 1 . In the superlattice layer, Si nanocrystals are observed to have sizes determined by the deposited amorphous SiO layer thickness. During the annealing, some oxidation takes place at the interface between the deposited layer and the quartz or air. For this reason, the final sample structure slightly differs from the nominal one. TEM analysis allows a careful determination of the thickness of the various layers in the samples (Table I , bottom rows).
We measured the transmittance (T) and the reflectance (R) in a wide spectral range for those samples grown on a transparent substrate. The results are reported in Fig. 2 . Interference fringes are observed up to 300 nm. Using these experimental data and neglecting light diffusion, the absorbance A = 100− T − R can be estimated (see inset in Fig. 2 ). As the size of the Si-nc increases (see Table I and nominal   a) Electronic mail: kazza@science.unitn.it; URL; http://www/science.unitn.it/ϳsemicon/ parameters), the absorbance edge shifts to lower energies in accordance to a simple quantum confinement model of the electronic properties of Si-nc.
III. WAVEGUIDE CHARACTERIZATION
As the samples were grown in a waveguide structure, we characterized their waveguiding properties with a prismcoupling (m-line) technique at 632.8 nm. 17 The optical parameters are then extracted with a simulation software and a model of the optical anistropy for the multilayer structure. 18, 19 m-line measurements allow measurement of the effective refractive index for the optical guided moded. No guided modes were observed in samples E, F, and A, while samples B, C, and D showed only one mode with the two polarizations (TE and TM). The associated effective refractive indices n TE and n TM are reported in Table II and Fig. 3(a) . The modal birefrigence, defined as B = n TE -n TM can be also extracted. As one can see both the effective refractive indices and the modal birefringence increase as the Si-nc size increases.
Using the Si-nc data extracted from the TEM images and the nominal growth parameters, we reproduced the observed effective refractive indices by using a waveguide simulator and assuming an optical birefringent waveguide core. The waveguide core is formed by the Si-nc superlattice, which is inherently birefringent (form birefringence) due to its layered structure (Fig. 1) . 20 The Si-nc superlattice behaves like a uniaxial crystal (with its optic axis along the deposition direction) with ordinary n o and extraordinary n e refractive indices. A summary of the extracted theoretical data is shown in Table II . As expected from the nominal parameters (Si content and thickness), 21 sample D has the highest filling factor of the optical mode in the active superlattice layer, followed by samples C and B. In particular, the TM mode of the B sample shows very weak confinement. All the samples exhibit a very similar negative material biregringence ␤ = ͑n e − n o ͒ / n o (i.e., n o Ͼ n e ), as expected in a multilayer structure. The measured value of about −1% is significantly larger than the one observed for GaAs/ AlGaAs multiquantum well waveguides. 22 A more detailed report on the birefringent properties of this kind of sample has been published else where. 18 The optical losses in the waveguide samples were measured with an experimental technique named shiftingexcitation-spot (SES). SES consists of exciting the waveguide through the surface with a small laser spot of suitable wavelength and measuring the luminescence emitted from the edge as the spot position is varied along the optical mode propagation direction, z. 13, [23] [24] [25] The luminescence intensity collected from the edge as a function of the spot position z is governed by Beer's law, I͑z͒ = I o = I o exp͑−␣z͒, where I o is the luminescence emitted at z and I͑z͒ is the luminescence collected at the edge of the sample. The waveguide losses can be extracted from a fit of the SES data. Figures 3 and 4 show the SES losses obtained by excited with a Ϸ 100 m wide Argon-ion laser spot, an excitation wavelength of = 365 nm, and a very low laser power (few milliWatts). The trend observed in Fig. 3(b) shows that the losses decrease with increasing nanocrystal size, both for the TE and TM modes. The TM mode suffers for larger propagation losses than the TE mode because the optical confinement factor ͑⌫͒ is lower for the TM mode than for the TE (see Table II ). In addition, a weak wavelength dependence of the optical losses is shown in Fig. 4 for two representative samples.
An order of magnitude of the losses in Si-nc waveguides can be calculated assuming direct absorption and Mie scattering. 26 With an absorption cross section per Si-nc of abs ϳ 10 −18 cm 2 , 14 and a Si-nc density of N Si-nc ϳ 10 19 cm −3 , one finds a loss coefficient ␣ = N Si-nc ϫ abs ϳ 10 cm −1 , which is of the same order of magnitude as that measured experiementally. This loss coefficient is also of the same order of magnitude as that calculated from Mie scattering theory. 26 Mie scattering is due to the fluctuations in the refractive index of the waveguide core caused by its composite structure (Si-nc and SiO 2 ). Thus, three main factors cause the losses that we have measured: electronic absorption, light diffusion due to Mie scattering, and imperfections in the waveguides (e.g., interface roughnesses). This last factor might explain the observed sample to sample variations. 
IV. OPTICAL PUMPING POWER MEASUREMENTS
In order to characterize the spontaneous and stimulated emission properties of the waveguides, we have performed photoluminescence and variable-stripe-length (VSL) measurements.
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A. Continuous-wave (cw) photoluminescence
The luminescence results are summarized in Fig. 3(c) . Luminescence was collected from the surface of the sample. The maximum of the emission band [photoluminescence (PL) position in Fig. 3 ] blueshifts with decreasing Si-nc sizes ͑d SiO ͒, in accordance with a quantum-confinement based model. 27 The PL width, on the other side, is quite independent on d SiO , which we attribute to the small size dispersion obtained with this growth technique. 15 Figure 5 reports the change in the luminescence lineshape as a function of the polarization of the edge-emitted (waveguided) light when the excitation spot is well inside the sample, as in a SES experiment. Sample C is used as a representative sample. The change in the lineshape reflects the wavelength dependence of the optical losses in the waveguide. TM polarized luminescence is blue shifted with respect to the TE polarized luminescence because at long wavelengths the propagation losses for this polarization are larger than the losses for the TE polarization (Fig. 4) . In fact, these spectra can be easily reproduced by making the convolution between the loss coefficients for each mode and the luminescence spectrum collected from the surface. As our waveguides are monomode, no waveguide mode filtering effects like those reported in Refs. 28 and 29 were observed.
We varied the pumping power in the high excitation regime and recorded the surface emitted luminescence. An example is reported in Figs. 6 and 7 for sample C. When the excitation wavelength is 365 nm and the pump power is increased, the luminescence intensity increases sublinearly due to Auger limited recombinations. However, its spectral position does not shift while its lineshape broadens (Fig. 6) . This is in contrast with other reports, where clear and large blue shifts of the Si-nc luminescence as a function of the pumping power were observed due to the size selectivity of Auger saturation. 30 This experimental fact can be attributed to the small size dispersion in these samples, which does not allow for spectral diffusion. A power law dependence of the luminescence intensity on the pumping power is observed over a wide power range. The exponent m of the power laws are plotted in Fig. 6 as a function of the observation wavelength. An inverted bell shape of the power law exponent is observed in Fig. 6 , which is due to the power broadening of the emission lineshape. Power broadening has been reported for transitions in two-level atomic systems and interpreted as 
saturation of the optical transition. 31 If the data of Fig. 6 were interpreted in the same way, i.e., emission line saturation, it would imply an homogeneous nature of the wide emission lineshape, as has been claimed in the literature for single Si-nc experiments. 32 Homogeneous linewidth results from an ensemble of emitters when these emitters have the same emission linewidths and energies. The monodisperse nature of the Si-nc in our samples could result in an homogeneous linewidth. Similar behaviors versus pumping power are observed for other samples with typical m exponents at 750 nm of 0.7, 0.5, and 0.65 for samples A, B, and D, respectively. It is worthwhile to mention that the minimum in m is centered at a wavelength where we also observe the maximum of the amplified spontaneous emission (ASE) spectrum of the fast component in time resolved measurements (see Fig. 13 ).
If we perform similar experiments with a different pumping wavelength ( = 488 nm, Fig. 7) , where the absorption cross sections of the Si-nc are lower, the luminescence intensity increases linearly with the pumping power and no power broadening is observed. Only at the highest pumping powers a deviation from the linearity can be seen and the spectra start to broaden (Fig. 7) . This implies that power broadening is only observed when the Auger limited recombination regime is entered.
B. Continuous-wave variable-stripe-length measurements
VSL measurements under CW excitation were performed employing the same laser source used for the SES measurements. The experimental technique has already been described in detail in several papers. [2] [3] [4] [5] We employed all of the various experimental cares described in Ref. 25 to avoid possible experimental artefacts that had been used. The experimental data were fitted with the one-dimensional amplifier model,
where I ASE represents the amplified spontaneous emission intensity, ᐉ is the excitation stripe length, g mod is the net modal gain of the material defined as g mod = ⌫g m − ␣, where ⌫ is the optical confinement factor of the waveguide, J sp ͑⍀͒ = ͑A sp h⍀N * /4͒ is the spontaneous emission intensity emitted within the solid angle ⍀, A sp is the spontaneous emission rate, N * is the excited state population density, and h is the energy of the emitted photon. Figure 4 summarizes the results for the A-D samples. For all the pump powers used, the optical gain was negative (net optical losses). For low pumping powers, optical losses comparable with the SES data were found, thus supporting the experimental confidence on the technique. 12 Increasing the pumping power up to 0.6 kW cm 2 , none of the samples showed positive optical gain under CW excitation. In Ref. 33 , to switch from negative to positive gain values a threshold pump power of 0.5 kW cm 2 was reported for plasma enhanced chemical vapor deposited (PECVD) Si-nc wave guides. In this work, some samples (A, B) showed losses increasing with pumping power, while sample C has losses which decrease with pumping power, and sample D show losses that are independent of pumping power. Samples E and F showed losses as large as 100 cm −1 due to their poor waveguiding properties.
C. Pulsed variable-stripe-length measurements
We also measured the amplified spontaneous emission with the time resolved VSL measurements. 4 The laser source was the third harmonic output ͑355 nm͒ of a Nd: YAG (YAG-yttrium aluminium garnet) laser, operating at 10 Hz, with a pulse duration of 6 ns and maximum average energy of 300 m. Care was taken to maintain the laser fluence ͑⌽͒ under the damage threshold of the sample (different for each sample). No analysis in polarization of the luminescence was performed.
Optical gain is strongly dependent on the population inversion, which depends on the pumping level. If positive optical gain is observed at high ⌽, it has to disappear when ⌽ is decreased. This control measurement has been performed for all the samples. VSL data were recorded in the first few nanoseconds after pulse excitation. Figure 8 (Fig. 9) .
Furthermore, we observed that when pumped with high ⌽, the sample emission develops a fast nanosecond decay superimposed on the usual microsecond emission decay. We looked at the ⌽ and ᐉ dependence of this fast decay component. Figure 10 shows the I ASE time decay for samples A and B. When the sample is showing positive optical gain in VSL, as for sample B, the fast (nanoseconds) component disappears for both decreasing ⌽ and ᐉ, as found in Refs. 4 and 5. On the contrary, when the sample shows optical losses in VSL, as for sample A, the fast component disappears at low ⌽ but is observed at high ⌽ for long as well as short ᐉ. This difference is very important. In Ref. 4 , we proposed a model for the fast component of the decay in the VSL configuration that takes into account both stimulated emission and Auger nonradiative recombination effects. It was argued that the time decay dynamics of I ASE is governed by the interplay between these two effects. From a rate equation analysis, a stimulated emission lifetime se can be defined as where R nc is the average Si-nc radius, is the Si-nc volume fraction, is the emission cross section per nanocrystal, and n ph is the number of emitted photons. An effective Auger recombination time can also be defined as
where C A is an effective Auger coefficient and N is the density of photoexcited electron-hole pairs. Hence, when the fast decay is dominated by stimulated emission, it will depend on the photon density, i.e., on I ASE : as ᐉ decreases, the photon density decreases too, and the fast component disappears (sample B, Fig. 10 ). When the fast decay is dominated by Auger recombination, it will depend on the density of photoexcited electron-hole pairs, i.e., on ⌽: a decrease of ᐉ does not affect ⌽, which, in turn means the same N, and the fast component is still observed (sample A, Fig. 10 ). Additionally, decreasing ⌽ while keeping fixed ᐉ (Fig. 10 , left panels), the fast component disappears for both the samples. When Auger is dominating, this is due to the decrease of N, while, dominant stimulated emission corresponds to a decrease of the inversion factor (i.e., gain) in the sample. In both cases, some additional processes might contribute to further shortening of the lifetime with increasing ⌽, like carrier migration and thermalization in silicon nanocrystals. 34 The I ASE peak intensities and I ASE fast lifetimes for long ᐉ are plotted as a function of the incident ⌽ in Fig. 11 . A smooth threshold behavior from a saturation to a superlinear increase is observed for sample B, while no threshold is observed for sample A. For sample B under the threshold, the intensity increases with a typical Auger limited behavior. 35, 36 When the threshold is exceeded, the intensity increase is more than linear and the fast-component lifetime shortens significantly. Due to sample damage at higher ⌽, the number of data points is limited for high ⌽. Sample A, on the other hand, shows a sublinear increase of the luminescence inten- sity for all ⌽. The fast component lifetime of sample A is seen to decrease according to the excited electron-hole pair density dependence of the Auger lifetime. For clarity we have presented experimental data only for samples A and B. However, similar data have been measured for all the samples. Samples E, F, and D show behaviors similar to that observed for sample A, while sample C shows optical gain at high fluence and a behavior similar to sample B (Fig. 12) .
Time resolved spectra at high ⌽ for the different samples are shown in Fig. 13 . The fast component I ASE spectrum is centered at about 780 nm for samples B and C, even if the microsecond integrated emission spectra (lines in Fig. 13 ) are centered at different wavelengths (which are very close to the low power CW surface emitted luminescence spectra, see Fig. 3 ). Sample A shows a fast component spectrum centered at about 725 nm, while the slow component spectrum is slightly redshifted to 730 nm. The similarity in the fast component I ASE spectra of samples B and C suggests that the levels responsible for the population inversion, i.e., for the optical gain, have the same nature in samples B and C. A model was proposed in Ref. 4 , where emission under CW excitation and in the microsecond integrated luminescence is due to excitonic recombinations in quantum confined nanostructures, while stimulated emission is due to the recombination involving the interface states between a stressed SiO 2 and the Si-nc. 13 The spectra are superimposed on the power law exponents of the integrated intensity dependence on the pumping power and measured under CW excitation at different wavelengths. It is clear that the inverted bell shape of the exponent curves is concomitant, in the samples showing positive net optical gain (samples B and C), to the fast component time resolved spectrum maximum. Figure 9 shows a summary of the experimental data about the gain coefficient for samples A-D, i.e., the samples that behave as a waveguide. It is clear from the figure that the key parameters allowing observation of positive optical gain are high optical damage threshold combined with a good waveguide structure containing properly sized silicon nanocrystals. Sample D can be photoexcited up to nearly the transparency regime (i.e., g Ϸ 0) before sample damage occurs. Sample A has the largest losses and poorest optical confinement in the active layer. No net optical gain is observed in this sample.
V. DISCUSSION
In these samples we were able to observe gain only under pulsed excitation, while, in PECVD grown Si-nc waveguides, gain was observed also under CW conditions. 33 In Ref. 10, a similar phenomenology was reported: no gain under CW excitation and gain under pulsed excitation. There, it was claimed that a negative role was played by thermal heating of the sample, which is largest under CW pumping; a similar explanation can be applied also here.
By comparing the data of Fig. 9 with those of Table II , no correlation emerges between the presence of high material birefringence and the presence of optical gain, but it is clear that a birefringent structure is not detrimental for the observation of optical gain. It can be expected anyhow from what is observed in Sec. IV, namely, that the stimulated emission propagates preferentially along the more efficiently confined TE mode. Polarization resolved VSL measurements would be needed to confirm this point and are planned for the near future.
Only samples B and C show positive optical gain. The gain values are higher than those previously reported for samples grown by PECVD (Ref. 4) and lower than those reported for samples grown by magnetron sputtering. 10 We must note that the optical confinement for the waveguide of Ref. 10 was almost 100%, while here lower values have been estimated (Table II) . Hence these samples show larger material gain values than in Refs. 4 and 10, which could be due to the small size dispersion typical of Si-nc in these samples. Figure 13 shows that the saturation of the luminescence is stronger where stimulated emission is larger (best seen in sample C). Indeed, the power law exponents of the sublinear FIG. 12 . Fluence dependence of ASE intensity (peak intensity of the fast component in the TR-VSL decay, disks) and of the fast component lifetime (calculated as the 1 / e value, empty circles) for sample C. The exponent n of the power law fit of the ASE intensity is reported. The wavelength was 750 nm.
FIG. 13. High fluence (F) TR-VSL luminescence spectra integrated over short (200 ns, circles) and long (500 s, lines) temporal windows for samples A, B and C. The intensity scale is arbitrary. Big circles refer to the power law exponent extracted from the CW luminescence intensity dependence on the pump power (Fig. 6) .
dependence of the luminescence have a minimum where the fast component of I ASE due to stimulated emission has a maximum. At the moment we lack a clear theory of this power broadening phenomenon, and the correspondence shown in Fig. 13 is simply a hint towards an explanation that could couple the power broadening to the observed optical gain.
VI. CONCLUSIONS
In conclusion, we have demonstrated the presence of positive optical gain under pulsed excitation, in silicon monodispersed-nanocrystals waveguides grown via evaporation and crystallization driven by high temperature annealing. The small size dispersion of Si-nc could explain the large material gain and the presence of power broadening of the luminescence. The optical gain is found to be correlated with a good waveguide structure (low losses and large optical mode confinement), high damage threshold under UV light irradiation, and the monodispersive nature of properly sized silicon nanocrystals. One issue that emerges from this study is the problem of thermal management in Si-nc waveguides to maximize gain and reduce the optical damage of the waveguide.
